We present a microfluidic approach for the continuous capture of Salmonella Newport cells suspended in a phosphate buffer using externally applied electric fields. The effects of flow rate, applied electric field and wall shear stress on cell capture in the device are analyzed using particle tracking via fluorescent microscopy techniques. Analyzing capture across multiple locations on the electrode surface enabled the estimation of average capture over the entire electrode area as a function of time. The device exhibits approximately a constant capture rate over an extended time frame, which is verified independently using the cell culture methods. An increased capture rate with an increased electric field is observed. The capture rate dependence on the flow rate and capture rate at various locations with different wall shear stress magnitudes does not exhibit statistically significant variations. The capture trends presented in this study can be utilized for designing microfluidic systems for biosensors, designed bacterial bio-films and devices for bacterial sample concentration from large volumes.
Introduction
Microorganisms adversely impact man-made and natural ecosystems by forming biofilms and bio-fouling [1] [2] [3] . Rapid isolation and detection of bacterial cells are crucial in medical diagnosis, water distribution lines, space exploration missions and bioterrorism-related events. Initial attachment of bacterial cells to the substrate is obviously the primary step in the formation of biofilms. When bacterial cells are in close proximity to a solid surface (<100 nm from surface), various interaction processes including van der Waals interactions, hydrophobic interactions and electrostatic interactions play an important role in determining the adhesion process. However, electrophoretic transport and electrostatic interactions between charged surfaces play a vital role in attraction of bacterial cells toward the surfaces, so that other interactions and adhesion can occur. Systematic studies of capture and immobilization of bacterial cells on a surface are essential to gain a better understanding of bacterial attachment to charged substrates in flow-based systems.
Several researchers have used flow-based systems to study bacterial adhesion to surfaces in micro-scale devices. These include parallel plate and stagnation point flow chambers, rotating disk systems and cylindrical channels [4] [5] [6] [7] [8] [9] . Design of such systems requires careful consideration of the time scales involved in fluid and particle motion. These systems often neglect various electrochemistry effects that arise due to the presence of electric fields. Quantification of adhesion in these systems was primarily based on microscopy, which requires an efficient particle tracking algorithm [10] . In situ quantification methods are often more reliable than indirect methods that involve removing the substrate from the flow chamber, washing off cells that did not adhere to the electrode and counting the captured cells under a microscope. One of the main advantages of the in situ microscopy analysis is that adhesion and desorption characteristics of cells can be studied as a function of flow parameters in detail.
In this study, in situ quantification of microbial capture was studied by applying pressure-driven flow in a parallel plate microfluidic chamber with an external potential difference. The objective of this study was to analyze the effect of electric field and applied flow rate on cell capture using image analysis by particle tracking. The effect of flow on capture was delineated by studying the capture trends at different locations on the electrode surface with respect to flow velocity and shear stress values predicted using computational fluid dynamics (CFD) simulations. During the capture experiments, electric currents due to Faradaic processes were also monitored to predict the apparent electric field in the bulk fluid that is responsible for electrophoresis of bacterial cells in the system.
Bacterial strain and media
Salmonella Newport, with an inlet concentration of ∼10 6 CFU ml −1 (CFU: Colony forming units) was utilized for the capture experiments. The cells were initially grown at 37
• C in unamended Luria-Bertani (LB) broth. Following this, the cells were centrifuged (3300 × g) and washed three times using 10 ml of filter sterilized water. The washed cells were then resuspended in 40 ml of fresh buffer for experimentation. The cells were quantified by plate counts and the inlet concentration of cells was between 3.0 × 10 6 and 5.0 × 10 6 CFU ml −1 during every experiment. The cells were tested in the microfluidic device within 4-6 h of preparation. Potassium phosphate buffer, with a pH of 5.5 and ionic strength of 1 mM was used as the suspending medium. The cells were tagged with BacLight TM Bacterial Viability Kits (Invitrogen) during culturing, which enables them to fluoresce when illuminated with UV light of appropriate wavelength.
Quantification using plating
Three different dilutions of each sample from the microfluidic device were prepared in phosphate buffer. 10 µL of sample mixed with 90 µL of phosphate buffer was plated on LuriaBertani agar and incubated for 16-18 h at 37
• C prior to enumeration. The colonies were counted and averaged to quantify the concentration of cells in the original sample, and the results were expressed as CFU ml −1 .
Microfluidic device fabrication
The microfluidic device used for the capture studies was fabricated using standard photolithography techniques. The electrodes were patterned on a 75 × 50 mm glass slide. Prior to patterning, holes were drilled on the slide (anode only), for inlet and outlet tubing connections ( figure 1(a) ). Following this, positive photoresist (SC1805) was patterned on the slide using an appropriate UV mask (1 µm thickness) using spin coating, followed by exposure to UV light with a mask aligner. After development, a glass slide with the photoresist pattern (as shown in figure 1(b) ) was produced. This photoresist patterned slide was then exposed to a plasma etcher for 10 s, to remove any additional layer of photoresist that was not removed during the development process. Finally, a 5 nm layer of chromium, followed by a 15 nm layer of gold was deposited on the patterned slide. Rinsing the patterned slide with acetone in a sonicator removes the photoresist. Patterned gold electrodes that were used as the microchannel walls are schematically shown in figure 1(c). Both the top and bottom electrodes were patterned using the same procedure. In order to sample bacterial capture at various locations on the anode, we also patterned X-marks at 20 different pre-selected locations using photolithography. These space markers were utilized for in situ measurements of bacterial capture as a function of time. Gold was selected as the electrode material since it has an oxidation potential higher than the potentials used in this study (1.0 V and 1.25 V). In addition, gold is a noble metal and it is biocompatible. The spacing between electrodes was created using a polydimethylsiloxane (PDMS) spacer.
The spacer was fabricated by curing equal parts of PDMS resin and a curing agent in a computer numerical control (CNC) machined plexiglass mold of desired shape for 24 h, followed by peeling off the dried PDMS (figures 1(d) and (e)). The shape of the channel ensures that flow in the channel develops gradually. Both the PDMS spacer and patterned gold electrodes were exposed to plasma oxygen gas in a plasma etcher. This activates functional chemical groups on the surface of the spacer and electrode. Following this, the spacer was sandwiched between the electrodes and the system was kept under clamps for 30 min to ensure good sealing. Figure 2 shows the assembled microfluidic device that was used for microscopy experiments. Two different channel heights (h = 150 and 450 µm) were tested in this study creating external electric fields of 8.34 and 2.78 V mm Figure 3 shows a schematic of the principle of operation of the microfluidic device. Pressure-driven flow is applied through the channel to maintain the flow, while a constant potential difference between the electrodes creates a uniform electric field (E). The assumption of uniform electric field is a simplification, which neglects the effects of ion distribution and Faradaic reactions at the electrode-electrolyte interfaces. Negatively charged particles travel toward the anode with an electrophoretic velocity (V EP ) represented as
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where µ EP is the electrophoretic mobility of microorganisms. In a previous study, we reported electrophoretic mobility and zeta potential measurements of different bacterial cells suspended in water [11] . We utilized the smallest electrophoretic mobility (−0.31
) in this study for the microchannel design. This ensures that even the slowest moving microorganisms are captured before they leave the channel. Two time scales of particle motion are essential for the device design. These include the time required for particle migration toward the anode (t M ), which can be predicted as
and the particle residence time (t R ) in the channel, which can be predicted as
where h and L are the height and length of the channel, respectively, and V AVE is the channel averaged fluid velocity. For pressure-driven flows, the maximum velocity happens in the middle of the channel, and its magnitude is 1.5 V AVE . Therefore, t M /t R 1 is a critical design constraint in the selection of the channel dimensions and the flow rate. Electric field experienced by particles in the bulk fluid is the critical parameter that dictates particle motion toward the anode. As stated earlier, the assumption of uniform electric field is invalid in real systems. At high applied potentials, charge separation due to ion redistribution and electrochemical reactions due to Faradaic processes influence the bulk electric field experienced by the particles in solution in a non-trivial way. Predicting the apparent electric field in the bulk fluid is critical to calculate the time scales for particle migration accurately based on equations (1) and (2). This could be done in an integrated sense by monitoring electric currents in the device as a function of time. In the following section, we present current measurements performed in the microfluidic channel, at no flow, and two different volumetric flow rate conditions (2 and 6 ml h ) under the applied potential difference of 1.25 V.
Apparent electric field in a microchannel
Steady electrokinetic flows in microfluidic devices require sustaining steady electric current in the system. Electrochemical reactions at the electrode-electrolyte interfaces can be neglected for small applied potentials ( 25 mV). Under such conditions, electrodes are considered to be ideally blocking (or ideally polarizable). In such a system, when an external potential difference is applied across the two electrodes, the electric double layers (EDL) at the electrode-electrolyte interfaces get charged. This is a non-Faradaic process, which results in charge separation of the ionic species, setting up a counter electric field (E C ) opposing the external field (E). The apparent electric field (E APP = E -E C ) experienced by the charged species is the critical parameter that dictates particle electrophoresis towards the anode, and sets up a non-Faradaic current in the absence of electrochemical reactions. After a certain time, the counter field eventually balances the external field. There will be no electrophoresis in the system beyond this time scale. Dynamics of this idealized behavior was described by Ajdari et al [12] .
In microfluidic systems with electrokinetic actuation, applied potentials are usually much larger than 25 mV. Since potential differences of 1.0 and 1.25 V are utilized in our studies, the idealized behavior explained above breaks down. At these potentials, steady electrokinetic flow is maintained by electrochemical reactions that occur on electrode surfaces, which sustains the current and electric field despite the charge separation. The resulting electric field will depend on the electrochemistry and applied potential in a non-trivial way. These types of processes are termed as Faradaic processes, which are associated with electron transfer across the interface leading to reduction or oxidation of species present at the interface. A detailed discussion of Faradaic processes is presented in the discussions section. 
Current measurements
In a non-flowing system, Faradaic reactions would establish bulk concentration gradients over a long time scale. However, convective effects eliminate these transients and stabilize the electric current due to continuous supply of fresh buffer solution and washing out of the reaction products at a constant rate [13] . This is demonstrated in figure 4 , where we present time variation of electric current in the microfluidic channel (L = 62.30 mm, W = 35.60 mm, h = 150 µm). A 1 mM phosphate buffer at pH = 5.5 with and without a pressure driven flow was utilized, while imposing 1.25 V potential difference between the two electrodes (8.34 V mm −1 ). Variation of current as a function of time is presented at no flow and two different flow rates (0, 2 and 6 ml h
−1
). Current was monitored using a digital multimeter and measurements were recorded every 15 s until a steady state was reached.
In figure 4 , we observe that the system initially behaves like an ideal capacitor, where the current drops exponentially from its maximum value, with a response time equivalent to the double layer charging time scale. The response time for such systems has been predicted to be on the order of λ D L/D [12] , where λ D is the EDL thickness, L is the electrode separation and D is the diffusivity of the ions in the buffer. For our experiments, typical values of λ D, L and D are 10 nm, 150 µm and 10 −5 cm 2 s −1 , respectively. This results in a response time of the order of milliseconds. At the range of potentials applied in this study, the electrodes do not behave as ideally polarizable or ideally blocking electrodes. Electrochemical reactions occur at the electrode-electrolyte interface, giving rise to charge transfer reactions (oxidation at anode and reduction at cathode). These charge transfer reactions sustain a Faradaic current in the system. After initial transients experienced by all three cases, the nonflowing system exhibits a slow decay in electric current that is induced by gradual build-up of bulk concentration gradients.
With flow in the system, the current follows the initial capacitive charging transient behavior. After this however, the current has a finite value (∼45 and 55 µA for 2 and 6 ml h ) and remains steady at this value for a long time (hours). We attribute this behavior to the convective effects due to the external pressure driven flow. Flow maintains a constant supply of ions in the system which enables the device to overcome charge separation, and it still maintains a steady electric current that is responsible for electrophoretic transport of charged species in the device. The external flow induces concentration boundary layers due to polarization along the electrode-electrolyte interface in the channel. Hence, delineating the apparent electric field requires the spatial variation of ion concentration in the channel.
Flow modeling
Modeling of fluid flow in the channel is essential to predict time scales involved in fluid and species transport. Pressuredriven flow in the microchannel shown in figure 2 results in Hele-Shaw flow [14] . This type of flow is two dimensional with X and Y components of the velocity varying parabolically in the Z direction. Flow field simulations were performed using a commercial CFD code (Fluent) with second-order spatial accuracy to predict the velocity and streamline patterns in the channel. Steady-state Navier-Stokes equations were solved subject to no-slip boundary conditions on the walls. A tetrahedral unstructured mesh, with 95 000 elements was generated using the Gambit software [15] .
Figures 5(a)-(c) present normalized streamwise velocity contours at various Y-Z, X-Z and X-Y planes, respectively, with an inlet flow rate of 6 ml h −1 and 150 µm spacing between the electrodes. The X, Y and Z axes were non-dimensionalized using the height of the channel (150 µm). The velocity was non-dimensionalized using the average velocity near the inlet of the channel (74.13 µm s channel, as predicted by Hele-Shaw flow theory [14] . The Y-component of the velocity shows similar trends (data not included). Figure 6 presents the streamline patterns at the center plane of the channel. Figure 7 presents the shear stress contours on the channel top wall (in mN m −2 ). Wall shear stress is important to quantify the amount of shear force acting on bacterial cells attached to the anode. Since the shear force is responsible for the release of captured cells, it is critical to analyze capture at different locations on the electrode surface as a function of shear stress at these locations. Based on figure 7, 20 different locations on the electrode surface with various shear stress values were identified. Capture at these locations was analyzed by sampling images at the top electrode surface at each location as a function of time, followed by image processing. In the next section, we describe the procedure utilized for particle tracking and image processing to analyze capture as a function of time.
Experimental setup and data analysis
The bacterial cells were tagged with BacLight TM Bacterial Viability Kits (Invitrogen) during culturing, which enables them to fluoresce when illuminated with UV light of appropriate wavelength. This stain utilizes mixtures of SYTO 9 TM green-fluorescent nucleic acid stain and the redfluorescent nucleic acid stain, propidium iodide. With an appropriate mixture of the SYTO 9 and propidium iodide stains, bacteria with intact cell membranes stain fluorescent green, whereas bacteria with damaged membranes stain fluorescent red. The excitation/emission maxima for these dyes are about 480/500 nm for SYTO 9 stain and 490/635 nm for propidium iodide. The background remains virtually nonfluorescent. The assembled microfluidic device shown in figure 2 was imaged using an Olympus BX61 epifluorescence microscope. We utilized ultraviolet light of 488 nm wavelength to excite the bacterial cells flowing into the device. A 10× objective with a numerical aperture of 0.7 was focused on the top electrode surface. Images were collected with an exposure time of 33 ms.
Using an external power supply, a potential difference was applied between the two electrodes, with the top electrode surface having a positive charge and the bottom electrode having a negative charge. Since the bacterial cells have a net negative surface charge, capture occurs on the top plate. The bacterial cell used in this study was neutrally buoyant. This ensures that capture occurring on the top plate overcomes the gravitational effects. A syringe pump was utilized to pump bacterial cells suspended in phosphate buffer (1 mM, pH = 5.5) into the device at constant flow rates of 2 and 6 ml h and data quality. Based on figure 7, 20 different locations on the electrode surface with various shear stress values were identified. Capture at these locations was analyzed sequentially by sampling images at every location as a function of time. Figure 8 shows a schematic of the locations at which images were taken. 
Imaging procedure and image processing
The field of view based on the objective magnification was 660 × 660 µm (1024 × 1024 pixels). Prior to the capture experiment, a background image of the top electrode surface at every sampling location was taken before the bacterial cells were flown into the microfluidic device. During the capture experiment, images were sampled at every location shown in figure 8 sequentially, starting from location number 1.
Throughout the experiments, first visible light was used to identify the sampling locations by focusing X-marker at the center of the imaging field of view. Following this, the visible light was turned off, and the fluorescent light was turned on to sample images of the captured cells. Two images were collected within 10 s of each other at every location, before moving to the next. This is a necessity due to the large surface area of the anode, and the magnification requirements utilized to observe bacterial cells. The captured cells were identified by comparing the centroid location of each cell between the two images. This procedure was repeated every 10 min during the course of the experiment for 1 h. Sequentially sweeping 20 different locations shown in figure 8 requires approximately 380 s, inducing time variance in the capture data that will be presented in the next section. The images were processed using Image-J software [16] . The background image at every sampling location was subtracted from the live image to negate the effects of light diffraction through the electrode. Successive snapshots that were within 10 s of each other were analyzed to compare the centroid location of each cell between the two successive images. The average size of Salmonella cells was reported in a previous study [11] as 1.9 µm (2.94 pixels). The bacterial cells were assumed to be captured, if the centroid movement between successive images was less than two bacterial lengths (∼6 pixels). This is a reasonable assumption since the cells move past the field of view with an average velocity of approximately 200 pixels s −1 at 6 ml h −1 flow rate. Figure 9 shows snapshots of the top electrode surface at the sampling location #11, after flowing Salmonella cells for 1 h at a flow rate of 6 ml h , without (a) and with (b) applying an electric field, respectively. Without an electric field, the bacterial cells do not experience any electrophoretic motion. Hence, as evidenced in figure 9 (a), there is no cell capture on the anode since the cell-surface interaction forces are not strong enough to overcome the wall shear stress due to external flow. Without an externally applied positive charge, both the gold electrode and bacterial surface have inherent negative zeta potential, resulting in repulsive electrostatic cell-surface interactions. This prevents immobilization of cells on the anode. However, when an external potential difference is applied in the channel, significant capture is seen on the anode. In figure 9 (b), uncaptured cells that flow past the field of view are observed as large streaks. Figure 10 presents the number of captured cells per field of view (660 × 660 µm) at various locations sampled on the electrode surface as a function of time at 6 ml h −1 flow rate and 1.25 V potential drop. Each location is labeled using a different symbol to differentiate the capture trends at various locations. Sequential sweeping of every location results in time variance in capture data. Even though the velocity contours presented in figure 5 show symmetry in flow patterns about the center of the channel, capture trends at symmetric locations do not show similarities at every location. Immobilization of cells and hence capture is dependent on various cell-surface interaction forces. Of these interactions, van der Waals and electrostatic interaction forces are expected to be the same on symmetric locations on the surface. However, the hydrophobic and steric interaction forces depend on wettability and surface roughness, which may vary at different locations on the electrode [17] . In addition to cell movement due to pressure-driven flow in the channel, the presence of flagella in Salmonella Newport causes differential cell motility at different locations in the channel. Hence, variable capture trends are observed at different locations on the electrode.
Results of capture experiments
Capture data presented in figure 10 were averaged over all imaged locations to obtain an estimate of mean capture on the top electrode surface as a function of time. Figure 11 ) at a 6 ml h −1 flow rate. The P values associated with capture data comparisons (based on paired-t tests) between different applied electric fields are presented in table 1. Sequential sweeping through 20 different locations takes 380 s, which induces time variance in the abscissa that is omitted from the figure for clarity. The ordinate error bars represent the uncertainty in capture across different locations, which were calculated as the standard error (SE = σ/ √ N ) of the raw data presented in figure 10 , where σ is the standard deviation of capture and N is the number of locations at which images were sampled. The uncertainty in capture is between 5 and 10% at all times. It can be seen from this figure that the average number of captured cells increases approximately linearly with time for both electric field conditions, and the capture is significantly higher at higher electric fields. Constant capture rates presented in figure 11 were validated by performing indirect quantification studies using culture-based methods. In a separate experiment, we used Salmonella Newport with inlet concentration of 1.25 × 10 6 CFU ml −1 at 2 ml h −1 flow rate and 1.25 V electric field. Under continuous flow conditions and electric field, we collected the fluid at the channel outlet and utilized plating to quantify the number of cells at the exit of the channel every 10 min. Since the volume of the channel and the flow rate are rather small, all fluid exiting the channel has been used for plating studies. The number of cells at the exit of the channel at various times is presented in table 2. Since the device was fed with cells at a constant volumetric flow rate (Q in ml h ). Utilizing wetted volume of the microfluidic device, ∀ = W × L × h = 0.36 ml, the cell accumulation rate (dθ/dt) can be written (in CFU ml
Using this equation, we predicted the number of cells captured in the device (in CFU ml
), and we defined a capture efficiency as
Both the capture efficiency and the number of cells in the device are presented in table 2. Figure 12 presents the number of cells captured per unit volume of sample (CFU ml −1 ). Error bars in the data correspond to standard error in capture based on three repetitions. It is critical to note that the capture based on microscopy was quantified per interrogation area on the electrode (660 µm × 660 µm), whereas the capture based on plating was quantified per unit volume of the microfluidic device (CFU cm −3 ). Although the capture values from plating and microscopy cannot be directly compared with each other, they both predict a constant capture rate, as can be seen from figures 11 and 12. Based on the data shown in table 2, along with the P values for efficiency comparison at various time intervals (table 3) , it can be seen that the efficiency of capture is approximately a constant (90-99%) at all time intervals. Figure 13 presents the variation of average number of cells per field of view, captured on the electrode as a function of time at two different external flow rates (2 and 6 ml h ). The P values comparing significant differences in capture between different flow rates are shown in table 1. The ordinate error bars represent uncertainty in capture data across different locations. Figure 13 shows a slightly higher capture at a 6 ml h −1 flow rate compared to the capture at a 2 ml h −1 flow rate. Based on the current measurements, it was shown in figure 4 that higher flow rates resulted in larger steady electric currents. This may induce slightly larger electrophoresis and electrostatic interactions at higher flow rates, resulting in an increased capture.
Bacterial cells experience a higher shear force at higher flow rates. This is expected to prevent their adhesion to the electrode surface. Hence, it is critical to quantify capture in the single channel device as a function of shear stress on the channel walls. In order to do this, locations with similar shear stress values were picked from figure 8 and the capture at these locations was averaged. Based on figure 7, locations 1 
Discussions
We demonstrated the capture of bacterial cells suspended in phosphate buffer in a microfluidic device utilizing particle tracking with a fluorescent microscope, followed by image processing. Approximately constant cell accumulation rates were observed at both 2 and 6 ml h −1 flow rates with applied potential differences of 1.0 and 1.25 V. Increasing the electric field at a fixed flow rate resulted in a significant increase in the bacterial capture rate. Using CFD simulations, we predicted the shear stress variation within the device, and attempted to characterize the cell capture at various sampling locations as a function of the shear stress. However, variations in the wall shear stress, induced by our channel design, were not significant enough to observe drastically different capture trends at various locations on the electrode. Characterization of cell capture as a function of shear stress requires large variations in shear stress, which could be obtained by designing microchannels with large cross-sectional area changes, such as in the case of diffuser or nozzle geometries.
Cell migration toward the oppositely charged electrode occurs by electrophoresis, which is dictated by the apparent electric field experienced by the particles in bulk solution. The apparent electric field at different flow rates was predicted indirectly by monitoring electric currents in the system. Detailed knowledge of the electrochemical reactions that are responsible for Faradaic currents in the buffer solution is essential to maximize electrophoresis in the system and to optimize device performance. For example, in this study, we utilized a phosphate buffer (pH = 5.5, ionic strength = 1 mM) to perform the capture experiments. The effect of buffer pH on the current is propagated through the concentration of H + and OH − ions in the system. Hydrogen ions have a tendency to get reduced by accepting an electron, whereas hydroxyl ions have a tendency to get oxidized by losing electrons. The rates of these reactions influence the Faradaic currents in the system, in a non-trivial way.
The electrochemical reactions that happen in our system are described as follows. Since we used a phosphate buffer to perform our experiments, the ions in our buffer are H + , K + and PO 4 3− , respectively. The H + and K + ions have a tendency to accept electrons from the electrode and undergo reduction reactions at the cathode, which are represented as [18] The standard potential for the above reaction is −0.40 V. All the standard potentials in the reduction and oxidation reactions are the potentials at which complete reactions (as shown above) would take place. At lower potentials, these reactions may occur at smaller rates, generating Faradaic currents in the system even at lower potentials. Electric currents due to these reactions can be calculated from the rate constants, which must be determined experimentally [19] . The Faradaic processes due to the electrochemical reactions in our system can be described using the Cottrell equation [20] that explains the current transients in the system. In the absence of flow, the electric current in the system can be represented as
where t is the time, n is the number of moles of electrons transferred in the electrochemical reaction, F is the Faradays constant, A is the electrode surface area and D i and C i are diffusion coefficient and concentration of ions, respectively. Essentially, variation of current by time for the no-flow system shown in figure 4 follows this trend. From equation (6) , it can be seen that the main parameter that dictates the amount of Faradaic currents in the system is the number of moles of electrons transferred in the electrochemical reactions. This depends on the difference between the applied potential and the standard potentials of the ion oxidation and reduction reactions in the system. In flow-based systems, this equation has to be modified to account for convection of ions. In this case, charge separation due to polarization can create concentration boundary layers along the electrode-electrolyte interface, which will vary with position. Modeling of this behavior requires detailed local information on Faradaic processes, and is not attempted in this study. Capture results obtained in a single microchannel constitute the proof of concept for pathogen concentration in micro-scale devices. For such applications, an integrated serial microfluidic system could be used for species capture. Efficient capture of bacterial species in a single channel at large flow rates is critical to develop miniaturized systems that can sample large volumes. Capturing particles within shorter times can be achieved by reducing the particle migration time to the anode. This would reduce the channel wetted volume by reducing the channel length, and/or increase sampling flow rate while still satisfying the t M < t R design constraint. Smaller migration times can be achieved by decreasing the electrode spacing (h) and/or by increasing the apparent electric field in the bulk solution.
